Abstract: The potential energy surface (PES) of tyrosyl-glycyl-glycine (YGG) tripeptide in solution was explored using EDMC (Electrostatically Driven Monte Carlo) and in the gas-phase by means of ab initio quantum chemical calculations. The theoretical computational analysis revealed that this tripeptide possesses a significant molecular flexibility. A C 7 backbone conformation was the most energetically preferred for the central Gly residue, using both methodologies. Some new stable conformers that have not been previously reported were identified in the gas phase as well. This study points out the interplay of backbone and side-chain contributions in determining the relative stabilities of energy minima. In addition, the peptide backbone of YGG was compared with other small peptides containing aromatic side-chains (Phe-Gly-Gly and Trp-Gly-Gly). The comparison with experimental X-ray results was also satisfactory.
Introduction
The formation of protein secondary and tertiary structure depends on the chemical environment as well as on chemical and physical constraints imposed by the individual properties of the protein building blocks, that is, the twenty amino acids and their sequence in the polypeptide chain [1] [2] [3] [4] [5] [6] [7] . A fundamental question that has not been satisfactorily answered yet is how sidechains and backbones interact in peptides. Side-chain folding is not only interesting, but also important because side-chain orientation can influence backbone folding via side-chain/backbone and/or side-chain/side-chain interactions. In spite of considerable effort to elucidate the nature of the forces that determine the conformational states of amino acids in a particular context of a protein or short peptide, the issue remains unsolved [8] .
The study of peptide chains in the gas-phase are useful because the information obtained can be helpful for understanding the protein-folding process. Evaluation of non-covalent interactions in such extended systems like peptides is difficult and represents one of the most challenging tasks in computational chemistry today [9] . The main reason being that peptides are very flexible systems showing an extensive conformational landscape.
Tripeptides can represent efficient building blocks for protein-structure prediction. A tripeptide constitutes a minimal model containing all the important forces resulting in distinct conformational states of the participating amino acids. A particular tripeptide contains all the necessary factors that influence the behaviour of the rotamer, maintain the interaction of side-chain with the backbone, and take into account j and y preferences of allowed regions in protein structures. Recent findings show that there is relative structural rigidity between a and b atoms in some tripeptides, possibly due to an intramolecular stabilizing interaction [10] . In addition to their biological importance as peptides and proteins building blocks, these molecules are also of interest from a purely chemical point of view. They are able to form typical multiconformer systems with numerous local minimum structures associated with different conformational arrangements of the main chain and the side-chain.
Tripeptides containing at least one aromatic ring are of special interest due to a possible strong interaction between delocalized p electrons of the aromatic ring with peptide bonds. The strength of the weak polar interaction between the side-chain aromatic ring of an amino acid and an amide backbone of a polypeptide (Ar-HN interaction) can be as high as 16 kJ mol -1 [11] . This is comparable with the strength (8-29 kJ mol -1 ) of a conventional hydrogen bond. The conformation of polypeptide fragments containing Ar-HN interactions can depend on factors including the amino acid sequence, the hydrophobicity or hydrophilicity of the local environment, the degree of solvation, and the structural flexibility of the polypeptide fragment [12] [13] [14] [15] [16] . There are four aromatic amino acids found in proteins, namely, phenylalanine (F), tyrosine (Y), tryptophan (W), and histidine (H). The structure of these amino acids and of some aromatic small peptides such as phenylalanylglycyl-glycine (FGG), tryptophyl-glycine (WG) and tryptophyl-glycyl-glycine (WGG), have already been reported by means of molecular dynamic simulations combined with high-level correlated ab initio quantum chemical calculations [17] [18] [19] . The structure of the tyrosyl-glycyl-glycine (YGG) peptide has recently been investigated using a combination of different strategies that employ a hierarchy of electronic structure theory [20] . Although three different methodologies to explore the conformational energy landscape of YGG were used in this study, the authors stated that the large changes in the relative stability of the obtained conformers indicate that B3LYP/6-31+G(d) as well as MP2/6-31+G(d) may not give correct structures and energetics for molecules containing interactions with p-electron clouds. Also, B3LYP/6-31+G(d) and MP2/6-31+G(d) calculations predicted markedly different structures for the tyrosilglycine (YG) dipeptide [21] . The same conformational behaviour discrepancy between these two methods was observed for a number of other molecules containing an aromatic ring in addition to a flexible side chain, WG [17] [18] [19] and WGG [18, 19] . Further investigation suggested that the very different structures obtained by B3LYP and MP2 are likely caused by dispersion (a true physical effect, underestimated by B3LYP) as well as large basis set superposition errors (BSSE, an artificial attraction) in the MP2 calculations [22] . Surprisingly, Hartree-Fock (HF) calculations -which do not describe dispersion interaction either -yielded an unambiguous triple-well potential for the conformers of YG dipeptide [21] .
These previous considerations led us to reinvestigate the potential energy surface (PES) of the YGG tripeptide using a different strategy, such as the multidimensional conformational analysis (MDCA) [23, 24] . This methodology has been used in previous works and has been shown to reduce the risk of missing important low-lying conformers [25] [26] [27] [28] . In the present paper, we explore the full conformational space of YGG using two different procedures with modest computational requirements, namely, empirical potential and quantumchemical methods. Such a reduced treatment is not expected to explain the entire behaviour of YGG in vacuo and in solution. Our aim in this study is less ambitious, we wish to predict by austere theoretical methods the structure and relative stability of the YGG tripeptide, and more importantly, to compare these results with others aromatic ring-related peptides such as FGG and WGG. This systematic structural study of aromatic ring-related peptides might permit elucidation of their structural features relationship. Finally, we compare our results with previously reported experimental data obtained from X-ray diffraction studies [29] .
Computational Methods

Stochastic Conformational Search. EDMC calculations
The conformational space was explored using the method previously employed by Liwo et al. [30] that included the electrostatically driven Monte Carlo (EDMC) method [31, 32] implemented in the ECEPPAK [33] package. Conformational energy was evaluated using the ECEPP/3 force field [34] . Hydration energy was evaluated using a hydration-shell model with a solvent sphere radius of 1.4 Å and atomic hydration parameters that have been optimized using nonpeptide data (SRFOPT) [35, 36] . In order to explore the conformational space extensively, 10 different runs were carried out, each of them with a different random number. Therefore, a total of 5,000 accepted conformations were collected. Each EDMC run was terminated after 500 energy-minimized conformations had been accepted. The parameters controlling the runs were the following: a temperature of 298.15 K for the simulations, a temperature jump of 50,000 K, and the maximum number of allowed repetitions of the same minimum was 50. Further paramenters were the maximum number of electrostatically predicted conformations per iteration was 400. the maximum number of random-generated conformations per iteration was 100, and the fraction of random/electrostically predicted conformations was 0.30. Also the maximum number of steps at one increased temperature was 20 with the maximum number of rejected conformations until a temperature jump was executed was 100. Finally, only trans peptide bonds (ω @ 180°) were considered. All accepted conformations were then clustered into families using the program ANALYZE [33] by applying the minimal-tree clustering algorithm for separation, using all heavy atoms, energy threshold of 30 kcal mol -1 , and RMSD of 0.75 Å as separation criteria. This clustering step allows a substantial reduction of the number of conformations and the elimination of repetitions. A more detailed description of the procedure used here is given in section 4.4 Computational Methods of [37] .
Systematic Conformational Search.
Ab initio quantum chemical calculations
All gas-phase computations were carried out using the Gaussian 03 program package [38] . Each structure was optimized using the ab initio [39] restricted Hartree-Fock (RHF) [40] method with the split valence 6-31G(d) basis set [41, 42] . The RHF/6-31G(d) geometry optimized structural parameters were then used as the input of single-point calculations at RHF/cc-pVTZ//RHF/6-31G(d) and RHF/aug-cc-pVTZ//RHF/6-31G(d) levels of theory [43, 44] in order to obtain more reliable stability data. Additionally, each stable conformer was subjected to frequency calculations at the RHF/6-31G(d) level of theory to confirm their identities as being true minima.
Nomenclature of the structures
The used nomenclature describes both the order of the conformers according to their energies and their peptide backbone geometry described in terms of its principal torsional angles (see Fig. 1 ). The pattern followed for the peptide name is yggNN[y 1 .j 2 .y 2 .j 3 .y 3 ]. NN stands for the energetic position of the conformer according to the energy scale. y 1 , j 2 , y 2 , j 3 and y 3 are the principal backbone torsional angles.
Results and Discussion
Conformational study of YGG in gas-phase
The overall expression of the PES for the backbone of the YGG peptide is a function of five variables E = E (y 1 , j 2 , y 2 , j 3 , y 3 ) considering only the trans-peptide bonds (i.e., w ≈ 180°) (Fig. 1) . Also, there are two torsional angles in the side-chain labelled c 1 and c 2 .
The X-ray diffraction experimental values (c 1 = 74.2° and c 2 = -91.6°) [26] were used as starting values for these torsional angles. As three minima (g+, a, g-) are expected for each variable according to MDCA, this may lead to the existence of 3 5 = 243 conformers. To truly characterize the full ensemble of the molecular conformers, syn and anti conformations of the carboxyl group (O=C-O-H) were also taken into account (0° and 180°, respectively).
Using 243 MDCA-predicted geometries with syn conformation of the carboxylic group as input, a total of 83 conformers were located on the PES at the RHF/6-31G(d) level of theory, instead of the 243 expected structures. These conformations may be grouped into two families which differ in the orientation of the torsional angle y 3 ( approximately 0° and 180°). The conformations with y 3 @ 180° were energetically preferred in all the cases. The results of full optimization of the YGG peptide (syn isomer) at the RHF/6-31G(d) level of theory including geometric parameters, total energies, and relative energies are given in Supplemental Table 1 . of the Supplementary Data. The geometry optimizations of the conformers with anti conformation of the carboxylic group resulted in 66 structures (Supplemental Table 2 . in the Supplementary Data). In this case, the torsional angle y 3 adopted g+ and g-as preferred spatial orientations (namely y 3 @ 60° and y 3 @ -60°, respectively). All the structures presented in Supplemental Tables 1 and 2 . lie within an interval of energy of about 14 kcal mol -1 , indicating that this tripeptide possesses a significant molecular flexibility in the gas-phase. Table 1 shows the geometric parameters (five backbone torsional angles), total energies, and relative energies for the most 13 stable minima localized in the PES of the YGG tripeptide by means of RHF/6-31G(d) calculations considering an energy window of 3 kcal mol -1 . These 13 structures are depicted in Fig. 2 . j 2 and y 2 torsional angles determine the position of the carboxyl group and therefore, the possible formation of an OH carb …O=C 6 intramolecular hydrogen bonding (H-bond). The OH carb …O=C 6 hydrogen bond interaction involves two different families of conformers: those with a more bent (via an OH carb …O=C 6 intramolecular H-bond) peptide backbone (i.e., ygg01 and ygg02, see and those with a fairly stretched or less bent (without an OH carb …O=C 6 intramolecular H-bond) peptide backbone (i.e., ygg03, see Fig. 2 ). It is also interesting that the usually preferred syn conformation of the carboxyl group (O=C-O-H = 0°) is lost when the OH carb … O=C 6 intramolecular H-bond is formed, and instead, an anti configuration (O=C-O-H = 180°) is adopted (compare ygg01 and ygg03). The usually preferred syn configuration of the carboxyl group may be sacrificed in favor of the stability gained from the intramolecular H-bonds formed. RHF/6-31G(d) calculations predict folded conformations as the highly preferred forms for the backbone of the YGG tripeptide, showing a strong C 3 =O…HN 7 intramolecular H-bond (the so-called C eq 7 or C ax 7) stabilizing the majority of the conformations. Only one conformation, ygg13, adopted an extended backbone form with a N 4 H…C=O 6 intramolecular H-bond (the so-called C 5 ), and this fact could explain the lowest stability of this conformer.
The first three structures presented in Table 1 lie within a short interval of energy of 0.35 kcal mol -1 . The global minimum conformation (ygg01) is stabilized by four intramolecular H-bonds, namely: OH carb …O=C6, N7H…N(H 2 ), N 4 H…N(H 2 ) and OH Tyr …O=C 9 side-chain/ backbone H-bond (see Fig. 2 ). The first local minimum, ygg02, is only 0.14 kcal mol -1 less stable than the global minimum (see the DE rel column in Table 1 ). Both structures essentially differ in the orientation of the tyrosyl residue and the first peptide bond (see Fig. 2 ). More specifically, comparing ygg01 and ygg02, y 1 and j 2 angles are different, and consequently, the H-bond (Fig. 2) . This conformation adopts the maximum number of H-bonds: C 3 =O…HN 7 (typical C eq 7, j 2 = 86.18 and y 2 = -69.98), C 9 =O…N(H 2 ), OH carb …O=C 9 (syn isomer), N 7 H…N 4 H and N 4 H…N(H 2 )…p (cooperative hydrogen bonded "daisy chain" interaction). This hydrogen bond cooperativity has been already observed in some other amino acids [18, 45] . The 13 structures which lie within 3 kcal mol -1 of relative energy were considered for the subsequent single point calculations with Dunning's correlationconsistent (cc-pVTZ) and augmented correlationconsistent (aug-cc-pVTZ) basis sets (see Table 2 ).
The order of structures, as well as the energetic differences among structures, remains almost the same at all levels of theory. Concerning the RHF/ cc-pVTZ//RHF/6-31G(d) and RHF/aug-cc-pVTZ// RHF/6-31G(d) calculations (see Table 2 ), only one notable discrepancy in the order of conformers was obtained. The RHF/6-31G(d) last local minimum (ygg13) migrates to the fourth local minimum and to the second local minimum at RHF/cc-pVTZ//RHF/6-31G(d) and RHF/aug-cc-pVTZ//RHF/6-31G(d) levels of theory, respectively. For the rest of the conformers it might seem, at first sight, that the structures are placed in different positions. However, these discrepancies are not significant since the energetic differences among the structures are very small (e.g., the first three minima case). It should be noted that the energy intervals change when passing from the first (2.90 kcal mol -1 ) to the last column (2.23 kcal mol -1 ). Thus, a higher energetic cutoff has to be considered at the inferior level of theory to select the same number of conformers. From the analysis of Table 2 , it seems that the RHF/6-31G(d) level of theory gives similar information compared with the higher level calculations at a lower computational cost.
Toroz et al. [20] found the 20 most stable conformers for the YGG tripeptide (based on the MP2 single-point energy calculations with inclusion of B3LYP zero-points energies). It is noteworthy that the global minimum found with B3LYP and MP2 remains the global minimum from our study with HF calculations, providing some confidence that this conformer may indeed be the most stable one. Also 8 of the 13 most stable conformers identified in the present work were included on the 20 most stable conformers according to the MP2 single point calculations. In addition, among the 20 most stable structures based on MP2 calculations, 19 conformers were found by using MDCA. It is interesting to note that the conformers ygg02, ygg04, ygg07 and ygg09 are missing minima in the B3LYP/MP2 landscape explored by Toroz and co-workers [20] . Among them, two of these new conformations should be distinguished because they showed low relative energies. Therefore, ygg02 is our first local minimum (0.14 kcal mol -1 less stable than the global minimum), while the structure of ygg04 shows high correlation with the first local minimum on the PES of the aromatic ring-related peptides FGG and WGG reported by Valdés et al. [18] . On the other Table 2 . Relative energies for the most stable conformers of the YGG tripeptide evaluated with various basis sets (structures are labeled according to Fig. 2) . The relative energies were given in kilocalories per mole. hand, whereas there is a significant discrepancy in the relative energies resulting from the B3LYP and MP2 calculations, the energetic differences among structures based on HF calculations remain almost the same at all levels of theory. Valdés et al. found a systematic structural behaviour for the tripeptides containing two glycyl residues (FGG and WGG) [18] . They argued that it is expected that the most stable conformers of other similar peptides may present equivalent geometries. Thus, the 13 most stable conformers on the PES of the YGG tripeptide have been compared with those most stable conformers on the PES of the FGG and WGG tripeptides [18] obtained using ab initio SCC-DFTB-D (self-consistent charge, density functional tight binding method with empirical dispersion energy) molecular dynamic simulations combined with high-level correlated ab initio quantum calculations (RI-MP2/cc-pVXZ, X = D, T). The geometries of the peptide backbones and side-chains are in general the same, but ygg01 (global minimum) and ygg02 (the first local minimum) conformations are not stable conformers in the PES of the FGG and WGG tripeptides. This difference may be caused by the presence of the p-OH substitution in the benzene ring of residue Tyr in the YGG tripeptide which may affect, explicitly or implicitly, its molecular structure. Such an effect may be related to the formation of the OH Tyr …O=C9 side-chain/backbone H-bond (see Fig. 2 ). It is tempting to explain the higher stability of ygg01 and ygg02 conformations in terms of the presence of this intramolecular interaction. It is worth mentioning that the second local minimum obtained for the YGG tripeptide is analogous to the global minimum conformation obtained for the FGG and WGG tripeptides. Besides, few geometrical similarities might be found between the three most stable minima conformations of the YGG, FGG, and WGG tripeptides. First, the peptide backbone is folded. Second, g+ rotameric states for the side-chain (c 1 @ 60º) are preferred. Third, the carboxyl group is in a preferential anti configuration.
Conformers
At this point, the examination of the relative energy differences obtained for the conformations of the YGG tripeptide allows a comparison between theoretical calculations reported here and previously reported experimental data obtained from X-ray studies [29] . Single-crystals of tyrosyl-glycyl-glycine monohydrate were obtained by slow evaporation from 50% acetic solution containing 10 mg mL -1 of the tripeptide equilibrated via the vapour phase against absolute 2-propanol. High-resolution X-ray diffraction data was collected at 123 K (detailed information is available, if required, in [29] ). Pleasingly our theoretical calculations are in good agreement with the experimental data. The backbone torsional angles from this crystal structure are: y 1 = 164.73, j 2 = 80.50, y 2 = 11.08, j 3 = -103.41 and y 3 = -152.32. In Fig. 3A the structure reported by Pichon-Pesme et al. [29] (in green) was overlapped with two conformations obtained for the YGG tripeptide at RHF/6-31G(d) level of theory in vacuo. In this figure it can be appreciated that the ygg09 conformation (in light blue) shows a good overlapping correlation, not only with the two first torsional angles of the backbone but also with the side- chain (Tyr residue). In the case of the other conformer (in yellow), a complete overlap was obtained, but this form displays an energy gap of 8.85 kcal mol -1 above the global minimum (see Supplemental Table 2 , final geometry number 18).
Conformational study of YGG in solution
EDMC results are summarized in Table 3 and Fig. 4 and more details are given in Supplemental Table 3 in the Supplementary Data. Calculations yielded a large set of conformational families for the YGG tripeptide. The total number of conformations generated was 24,575, and the number of those accepted was 50,000. In the clustering procedure, a RMSD (root mean square deviation) of 0.75 Å and a cutoff of 50 kcal mol -1 were used. The number of families after clustering was 121. The total number of families accepted with a relative population higher than or equal to 1.0% was 21, whose populations sum up to ca 90% of the total population. It is important to highlight at this point that none of these 21 families has an energy gap higher than 2.0 kcal mol -1 with respect to the global minimum.
All low-energy conformers of the studied peptide
were then compared to each other. The comparison involved the spatial arrangements, relative energy, and populations. It is interesting to note that none of the energetically preferred families possesses a fully extended or a fully folded structure. Thus, the most populated family (24.26%, see Table 3 ), which is also the global minimum, adopts a semi-folded structure which is the most representative form of this molecule. This conformation is characterized by a stabilizing H-bond (r = 2.12 Å) between the carbonylic oxygen of residue i (Tyr) and the NH group of residue i+1 (Gly) (Fig. 4A) , thus it forms a C eq 7 interaction characterized by the values of f and y (f 2 = 80.74º and y 2 = -73.83º). It also shows a week C5 hydrogen bond type (r = 2.496 Å) encompassing the NH 2 group of residue i (as proton acceptor) and the NH group of residue i+1 (as proton donor). The second most populated family (19.20%) corresponds to a structure also possessing a C7 interaction but in this case, it is a C ax 7 (r = 2.13 Å), which is characterized by the values of f and y (f 2 = -82.92º and y 2 = 70.71º) (Fig. 4B ). Moreover, a C5 H-bond interaction (2.610 Å) between the NH 2 group of residue i and the carbonylic oxygen of the same residue (Tyr) is also observed. It is interesting to note that this family has an energy gap of 0.83 kcal mol -1 with respect to the global minimum (see Table 3 ). On the other hand, the third most populated family (5.68%) has not shown a C7 interaction but a C5 one encompassing the NH group (as acceptor of the proton) of residue i+1 and the NH group (as donor of the proton) of residue i+2 (r = 2.37 Å). The NH group of residue i+2 is also co-participating in a hydrogen bond with the carbonylic oxygen of residue i+2 (r = 2.58 Å) (Fig. 4C) . All families show a preference for a semi-extended side-chain conformation of residue Tyr (c 1 @ 180º and c 2 @ -60º or 60º).
According to the results of EDMC calculations summarized in Table 3 and Fig. 4 , it is clear that the conformational preferences for the YGG tripeptide are different from those obtained in vacuo. It is noteworthy that both methods favoured C7 backbone conformations for the most stable conformers. Therefore, some interaction features were commonly observed by using both methodologies. Nevertheless, the comparison of the most populated conformations obtained in solution with the most stable conformers optimized at RHF/6-31G(d), showed some differences for the backbone torsional angles. The main discrepancy is obtained for j 3 torsional angle, which determines the position of the second glycyl residue. This torsional angle adopts a g -rotameric state (j 3 @ -80º) in ygg01 and ygg11 conformations (see Table 1 ), while in family 1 it changes to a g + rotameric state (j 3 @ 70º, see Table 3 ). A similar result was obtained comparing ygg05 and ygg10 conformers (j 3 @ 70º) with family 2 (j 3 @ -70º). Finally, c 1 torsional angle determines the rotameric state of the side-chain of the Tyr residue. In case of the 13 most stable conformers obtained from ab initio calculations, the g + rotameric state is systematically preferred, whereas EDMC calculations show a preference for a trans rotameric state (c 1 @ 180º). Regarding the terminal carboxyl group, it is worth mentioning that the stochastic conformational search in solution, which was carried out by using EDMC, showed a pronounced preference for endo (syn) conformers stabilized by an internal carboxyl H-bond (OHcarb…O=C9). The presence of the surrounding solvent might interfere in the formation of an H-bond between the carboxyl hydrogen and the C6=O, which have been observed in the gas phase for the exo (anti) conformers. On the other hand, the systematic conformational search in vacuo, which was carried out by using Gaussian, showed the presence of both conformers (endo and exo) but it showed a energetic preference for the exo (anti) conformers.
It is interesting to note that the EDMC calculations are also in good agreement with the experimental data, particularly comparing the family 12 (1.83 kcal mol -1 less stable than the global minimum) and the structure reported by Pichon-Pesme et al. [29] . Fig. 3B shows the overlapping of the structure obtained from X-ray studies (in green) with two conformations obtained for the YGG tripeptide in solution (family 11 in light blue and family 12 in yellow). Thus, it can be appreciated as having good structural correlation, particularly with the backbone.
It is of great importance to mention that in general, empirical potentials provide inaccurate results for the study of isolated peptides containing aromatic sidechains. One of the most important reasons for this inaccuracy might be the fact that they work with effective average charges (over all existing structures), which may be far from the charges that properly describe each individual structure. It has recently been proven that the scan of the PES of FGG [17] and GFA [46] by using the AMBER empirical force field fails mainly due to a large variety of atomic charges for individual conformers. These calculations have demonstrated that introducing an average charge brings some uncertainty that results in incorrect structural predictions when an empirical potential is used. Despite this, the use of empirical potential is one of the most reliable techniques to study and predict the conformational behaviour of complex protein systems.
Conclusions
A previous work on the YGG tripeptide has shown that molecules containing aromatic rings are sensitive to intramolecular dispersion and basis set superposition error, the latter rendering MP2 calculations with small to medium-sized basis set unsuitable for describing this type of molecules. B3LYP and small-basis MP2 may not be sufficiently accurate to unequivocally identify the most stable structures of aromatic peptides. The large number of possible conformers and the need to perform high-level quantum chemical methods accounting for dispersion make it nearly impossible to find all preferred conformers of aromatic peptides without experimental guidance. As experimental gas-phase data on the YGG tripeptide are not yet available, in the current study we reinvestigated the conformational preference of the YGG tripeptide using both a stochastic and a systematic conformational search (EDMC and ab initio quantum chemical calculations, respectively). Comparing the results obtained from both methodologies, a proper scan of the PES requires the use of a non-empirical method. EDMC calculations fail mainly to predict the position of the second glycyl residue (j 3 torsional angle) and the spatial orientation of the terminal carboxyl group.
The most stable structures obtained from RHF/ccpVTZ//RHF/6-31G(d) and RHF/aug-cc-pVTZ//RHF/6-31G(d) levels of theory are stabilized by C7 conformations for the central Gly residue and an intramolecular H-bond encompassing the p-OH of the aromatic sidechain (Tyr) and the carbonylic oxygen of residue i+2. Notwithstanding the three most energetically preferred structures lie within a small energy gap (0.35 kcal mol -1 ), interestingly, they displayed different spatial orderings. It is worth mentioning that the methodology used in this study was able to predict additional stable conformers that have not been identified in a previous work. Comparing the structures and relative energies of the lowest energy conformers obtained for the YGG tripeptide with those of the FGG and WGG tripeptides, common geometrical features were observed for these sequences. The theoretical results reported here showed correspondence with those obtained by X-ray diffraction techniques.
An overall conclusion from the present work is that RHF/6-31G(d) calculations on the YGG tripeptide provide comparable results with those obtained on small related peptides by means of more sophisticated ab initio quantum chemical calculations (i.e., RI-MP2/ cc-pVXZ) at a considerably lower computational cost [18] . As it is well known, MP2 method allows the study of different systems at a high computer time but also with a high accuracy to the one obtained using the HF method. It is our experience that for these types of tripeptides the CPU time requirement increases, at least, in a threefold fashion when the level of theory is increased from HF to post-ab inito levels. Although it would be preferable to select the conformers using electronic structure methods that account for dispersion effects, our results indicate that this methodology can be used as a preliminary step to obtain conformations with reliable geometry and energy description, which can be used later as input for further calculations at higher levels of theory if needed.
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